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 I. Abstract
Aerodynamic performance calculations were per-

formed using WIND1 on ten experimental ice shapes
and the corresponding ten ice shapes predicted by

LEWICE 2.02. The resulting data for lift coefficient
and drag coefficient are presented. The difference in
aerodynamic results between the experimental ice
shapes and the LEWICE ice shapes were compared
to the quantitative difference in ice shape geometry

presented in an earlier report3. Correlations were
generated to determine the geometric features which
have the most effect on performance degradation.
Results show that maximum lift and stall angle can
be correlated to the upper horn angle and the leading
edge minimum thickness. Drag coefficient can be
correlated to the upper horn angle and the fre-
quency-weighted average of the Fourier coefficients.
Pitching moment correlated with the upper horn
angle and to a much lesser extent to the upper and
lower horn thicknesses.

 II. Nomenclature
ak Fourier transform coefficient 

(dimensionless)
Cd drag coefficient (dimensionless)
Cl,max maximum lift coefficient (dimensionless)
Cm pitching moment coefficient 

(dimensionless)
E2 frequency-weighted average of the 

fk spacial frequency (cycles/(s/c))
fs sampling frequency (cycles/(s/c))
me a geometric measurement made on an 

experimental ice shape (dimensions 
depend upon which measurement)

mL a geometric measurement made on a 
LEWICE generated ice shape 
(dimensions depend upon which 
measurement)

mref reference geometric measurement used 
for nondimensionalization (dimensions 
depend upon which measurement)

n number of points on geometry
OCF Overall Comparison Factor 

(dimensionless)
R regression coefficient (dimensionless)
Rmeasurement

regression coefficient on a given 
geometric measurement (dimensionless)

Reffect regression coefficient for a multiple
variable regression equation for a given 
aerodynamic effect (dimensionless)

tl lower surface maximum thickness 
(inches); lower horn thickness

tle leading edge minimum thickness 
(inches)

tu upper surface maximum thickness 
(inches); upper horn thickness

wf weighting factor (dimensionless)
αstall stall angle (degrees)
δ normalized segment length 
asserted in the United States under Title 17, U.S. Code. The U. S. Government has a royalty-free 
license to exercise all rights under the copyright claimed herein for Governmental Purposes. All 
other rights are reserved by the copyright owner. 
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(dimensionless)
θu angle at upper maximum thickness 

(degrees); upper horn angle

 III. Introduction
In the past, ice accretions acquired by different

means (flight tests, tunnels, tankers, or computer
codes) have mostly been compared to each other by
comparing the ice shape geometry for the various ice

accretions4-8. Historically, this geometric compari-
son has also been qualitative rather than quantita-
tive. This makes it difficult to compare the similarity of
different geometries with a resulting difference in aer-
operformance. Recently, two methods have been
proposed by which different ice shape geometries
could be compared in a quantitative and objective

manner9-10. For many applications however, it is the
degradation of aerodynamic performance due to the
ice shape which is of primary concern. It is usually
taken for granted that similar ice shapes will exhibit
similar degradation. 

Authors in the past have investigated the similar-
ity of aerodynamic performance with changes in the

ice shape11-13, but the investigations used qualitative
comparisons of the ice accretions and did not include
the variety of shapes used in the present investiga-
tion. The approach used in this report was similar to

the approach used by Gray14, except more ice geom-
etry terms were considered and lift and pitching
moment were analyzed as well. More recently,

Papadakis et. al.15 investigated aerodynamic effects
on a spoiler plate attached to the leading edge to

simulate an ice accretion while Kim and Bragg16

used a simplified horn shape. Both investigations
looked at the aerodynamic effect for different sizes
and locations of the protrusion. However, the correla-
tion between the aerodynamic effects on these sim-
plified geometries and actual ice shapes has not
been established. 

In this paper, the quantitative differences in aero-
dynamic performance for 20 ice shapes were com-
pared to the geometric comparison in order to
develop a correlation between the aerodynamic per-
formance and the ice shape geometry. This correla-
tion can then be used to reduce the number of
geometric measurements which need to be taken

and to provide a more meaningful geometric compar-
ison method. Since experimental aerodynamic data
is both time consuming and expensive to obtain, the
initial investigation will use calculated flow results

generated by the WIND1 Naviér-Stokes code. This
investigation will be useful to provide trends so that
fewer test points will be necessary to validate the
resulting correlation. 

Two ice shapes were chosen for each meteoro-
logical condition; one ice shape generated by the
NASA Glenn Icing Research Tunnel (IRT) in a previ-

ously reported test17 and the corresponding ice

shape predicted by LEWICE 2.02. The ice shapes
which were chosen for this investigation reflect a
wide range of comparison from the geometric com-
parison technique. Based on the quantitative param-

eters used by the first author in a previous report9,
the variation of the LEWICE generated ice shapes
was between 2.6% to 20% from the experimental val-
ues. Results presented consist of the aerodynamic
degradation of the ice shapes in terms of the lift and
drag coefficients as well as the pitching moment cal-
culated by WIND up to the stall condition. Post-stall
behavior was not investigated at this time. Trends for
the variation of these coefficients with increasing
variability of the ice shape measurements will be
noted. These trends can be compared to the experi-

mental studies performed by Kim and Bragg16 and by

Papadakis, et. al.15. 
The report was divided into four sections. The

first sections will provide a brief description of
LEWICE and the WIND Naviér-Stokes code used for
the aerodynamic predictions. The next section will
describe the experimental data used for this compar-
ison and the last section will show the results of the
comparison.

 IV. LEWICE 2.0
The computer code LEWICE embodies an ana-

lytical ice accretion model that evaluates the thermo-
dynamics of the freezing process that occurs when
supercooled droplets impinge on a body. The atmo-
spheric parameters of temperature, pressure, and
velocity, and the meteorological parameters of liquid
water content (LWC), droplet diameter, and relative
humidity are specified and used to determine the
shape of the ice accretion. The surface of the clean
(un-iced) geometry is defined by segments joining a
set of discrete body coordinates. The code consists
2
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four major modules. They are 1) the flow field cal-
lation, 2) the particle trajectory and impingement
lculation, 3) the thermodynamic and ice growth
lculation, and 4) the modification of the current
ometry by addition of the ice growth.

LEWICE applies a time-stepping procedure to
row” the ice accretion. Initially, the flow field and
oplet impingement characteristics are determined
 the clean geometry. The ice growth rate on each
gment defining the surface is then determined by
plying the thermodynamic model. When a time
rement is specified, this growth rate can be inter-

eted as an ice thickness and the body coordinates
e adjusted to account for the accreted ice. This pro-
dure is repeated, beginning with the calculation of
 flow field about the iced geometry, then continued
til the desired icing time has been reached.

LEWICE 2.0 is different from its predecessors
t through wholesale changes in the physical mod-
 but rather through an extensive effort to adjust,
t and document the code to ensure: that the code

ns correctly for all of the cases shown; that the
ality of output is maintained across platforms and
mpilers; that the effects of time step and spacing
ve been minimized and demonstrated; that the
de inputs and outputs are consistent and easy to
derstand; that the structure and documentation
thin the code makes it readily modifiable to those
tside the standard LEWICE development team;
d that the code has been validated in a quantified
nner against the largest possible amount of exper-

ental data. 

. WIND
WIND is a general purpose Reynolds averaged

viér-Stokes flow analysis code supported by the

ARC Alliance1. In WIND, the Naviér-Stokes equa-
ns are written in delta form using a node-centered
ite-volume approach. Specification of the discreti-
tion of the equations of motion on the right-hand
e is modular and flexible. Complex geometries can
nerally be handled with ease by the multi-block
pability and modular boundary conditions. Inviscid,
inar, and turbulent flows can be simulated for 2-D

r axi-symmetric) and 3-D geometries. The code
o has Runge-Kutta and Global Newton schemes
 time accurate computations. For the simulation of
bulent flows, WIND offers algebraic, one-equation,
d two-equation turbulence models. In this study,

the Spalart-Allmaras18 one-equation turbulence
model was used. In a previous study, it was found to

give the best results for iced airfoils19. At the far field
boundary, a non-reflecting type boundary condition

was applied. GRIDGEN20, a publicly available multi-
block grid generator, was used to create the grids for
this study.

 VI. Description of Test Data
The test data chosen for this study was part of

the NASA Modern Airfoil Program17. An airfoil was
chosen from this data set so that the results would be
more directly applicable to the needs of industry. The
airfoil chosen from this data set was the GLC305 air-
foil which is shown in Figure 1. This airfoil was cho-
sen as it will be the focus of an upcoming test in the
Low Turbulence Pressure Tunnel (LTPT) at NASA
Langley. This test will collect aerodynamic perfor-
mance data on the clean airfoil and several ice
shapes, including ice shapes used in this report.
Hence, it will be possible in the future to compare the
calculated results from WIND with this data set. 

The GLC305 airfoil used in the IRT test had a
seventy-two inch span and a chord of thirty-six
inches. Pressure tap and wake survey data were also
taken on this model in the IRT, so this data could also
be used for comparison. A total of seventy-two runs
were made in the icing tunnel in two test entries dur-
ing 1995 and 1996. 

From this data, ten ice shapes were selected for
comparison. Due to time constraints, not every ice
shape from Ref. 9 can be analyzed. The ten shapes
were chosen to represent a wide variety of shapes
from rime ice to glaze ice, and to represent a wide
range of geometric comparison with the ice shapes
calculated by LEWICE. The ice shapes are shown in
Figures 2-11. Based on the quantitative parameters

presented in the LEWICE Validation Report9, the ten
figures were ordered so that the most geometrically
similar comparisons are shown in Figure 2, while the
least geometrically similar are shown in Figure 11.
The other figures were similarly ordered from the
more similar shapes to the least similar. The factors
used for this ranking were the geometric factors used

in the previous report9. 
3
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 VII. Results

 VII. 1 WIND Results
The first step in acquiring results was to join each

of the tracings of the experimental ice shapes to the
airfoil. Normally, only the ice shape is traced and dig-
itized in the experiment which results in an open
curve in front of the airfoil. Due to small errors in trac-
ing, this shape may not intersect the airfoil geometry.
A tangent line was drawn from the ice shape to
attach the experimental ice shapes to the airfoil. After
that step, a two block grid was generated for each
case. The two blocks consisted of a dense inner
block grid near the airfoil surface and a sparser grid
for the far field. This was done so that the grid lines
could be better controlled around the complex ice
shapes used in this study. The outer block resolution
was 125x21 and started at a distance of 0.5 chord
from the airfoil. 

The inner grid had 71 points normal to the sur-
face and ended at 0.6 chord from the airfoil, resulting
in an overlap grid boundary. This grid overlap was
generated to meet the requirements of the NPARC
code so that later code comparisons could be
made.Smoothing of the ice shapes was avoided
unless absolutely necessary in order to obtain a
quality grid. Grid resolution in the chordwise direction
varied from 260 points to 450 points depending upon
the complexity of the ice shape. Due to time con-
straints, a detailed grid sensitivity study was not per-
formed. Instead, the researchers relied upon
previous experience with grid generation of ice

shapes19. The flow conditions used as inputs into
WIND were based upon the LTPT test matrix for the
cases which are scheduled to be run for that test. For
the other ice shapes, the flow conditions simulated
the conditions used to generate the ice shape in the
IRT. All of the flow conditions were very similar and
have been listed in Table 1. Due to time constraints,
Reynolds number effects could not be included in the
study.

Calculations were performed every 2° angle of
attack, starting at 0° on each ice shape. Near stall,
runs were made every angle of attack. A total of 183
runs were made with WIND for this study. Post pro-
cessing included calculating lift coefficient, drag coef-
ficient and pitching moment for each case. Figures
12-21 show the lift curves for the twenty ice shapes.
In each of these plots the resulting lift calculated by

WIND for the LEWICE generated ice shape was
compared to the results for the experimental ice
shape. Figures 12-14 show very close agreement for
lift between the ice shapes which was in good agree-
ment with both the qualitative and quantitative
assessment of the geometric differences. The lift pre-
dictions were further apart in other figures which also
tracks the widening difference in geometry between
the experimental ice shape and the shape predicted
by LEWICE. An exception can be seen in Figure 18
and the corresponding ice shapes in Figure 8. The
difference in geometry was fairly small, but there was
a large difference in the lift degradation between the
two shapes. This was attributed to the sharp corner
on the upper surface of the experimental ice shape
which caused flow separation while the LEWICE
generated ice shape was a smooth curve. This may
indicate that additional geometric parameters such
as horn curvature may need to be included in the
analysis.

Figures 22-31 show the drag results calculated
by WIND for the same ice shapes.   Again, the drag
results for the LEWICE generated ice shapes were
compared to the values generated on the experimen-
tal ice shapes. The drag coefficients for the clean air-
foil were shown for reference. Figures 22-24 show
close agreement between the results on the experi-
mental ice shape and those generated on the
LEWICE ice shape which corresponds to the geo-
metric agreement. As seen with the lift data, as the
difference in geometry becomes greater, the differ-
ence in drag between the two ice shapes increases
as well. An exception can be seen in the drag com-
parison of Figure 31 and the corresponding ice
shape in Figure 11. Here the drag coefficients were
reasonably close to each other even though the ice
shapes were very dissimilar. It was also notable that
some cases exhibited a much higher increase in drag
due to ice when compared to the remaining cases.
This effect can be correlated with the geometric
parameters as described in the next section.

The moment coefficients for these cases are
shown in Figures 32-41. In these cases, it was more
difficult to assess qualitative trends in the curves with
differences in the geometries. Runs 916 and 941,
shown in Figures 39-40, show similar performance
results although the ice shape geometries were not
similar in shape. Comparatively, the performance
results were more dissimilar for Runs 937, 204 and
907 as shown in Figures 32, 33 and 35 although the
geometries were much closer. Once again, the next
4
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c differences and the aerodynamic differences for
ese cases.

 VII. 2 Statistical Results
This section will analyze the resulting lift, drag

nd moment results and compare them to the quanti-
tive differences in geometry as reported in the

EWICE validation report9 and to the parameters

alculated by Ruff10 in his report. This comparison
ill determine which geometric parameters have the
trongest correlation with the aerodynamic results. A
trong correlation will mean that those geometric
arameters should be given more weight when deter-
ining an overall geometric parameter and can also
e used to reduce the number of geometric measure-
ents which need to be calculated on a given ice

hape. 
The geometric measurements reported in the

EWICE validation report were: lower icing limit;
pper icing limit; lower maximum thickness (lower
orn length); leading edge thickness; upper maxi-
um thickness (upper horn length); lower surface ice
rea; upper surface ice area; total ice area; lower
orn angle, upper horn angle, and the difference
etween the upper and lower horn angles. These
easurements are shown in Figures 42 and 43.
dditional geometric measurements of maximum
idth, impingement width, stagnation thickness and
aximum thickness were added from Ruff’s report
nd are also represented in these figures. The two
ourier transform parameters described in that report
ere also used. The first Fourier parameter was the
aximum coefficient and was shown by Ruff to be an
dicator of the size of the ice shape. The second
arameter was the frequency-weighted normalized
ifference in Fourier coefficients over the entire spec-
um. This parameter indicates not only the size of
e ice shape but also the relative roughness or irreg-
larity of the ice shape. The maximum Fourier coeffi-
ient is given by the equation

(1)

where δ(j) is an array containing the normalized
ngth of each segment and n is the number of
oints. The second Fourier parameter is given by the
quation

(2)

where fk is the spatial frequency which is given
by

(3)

and fs is the sampling frequency.
For both the geometric and Fourier terms, the

comparison performed in this report used the actual
measurements and values. The percentage differ-
ences and normalized differences were not used. For
each parameter, a scatter plot such as the one
shown in Figure 44 was generated. This figure plots
the maximum lift coefficient predicted by WIND as a
function of the upper horn angle for all twenty ice
shapes. A least-squares curve fit was also generated
to show the level of agreement. In this example, the

correlation was quite strong, with an R2 value of 0.74.
Similar curve fits were generated for the other geo-
metric measurements. 

A stepwise regression was then performed to
determine which of the factors were considered sta-
tistically significant correlations. In a stepwise regres-
sion, the correlations were systematically compared
by considering only the variable which correlates the
best and then measures the relative importance of
the other variables independently of that factor. The
process was continued until none of the remaining
variables was considered to correlate with the results
using a 95% confidence interval. The regression can
also be performed backwards, whereby the variables
which correlate the least were eliminated one by one
until only those which correlate within the 95% confi-
dence level remain. Both forward and backwards
stepwise regressions were used in this analysis. The
results shown in this paper represent forward step-
wise regression unless otherwise noted. The com-
mercial program STATVIEW was used to perform the
calculations. Using the results of that analysis, a
multi-variable regression curve-fit can be generated
which can be used as a correlation between the geo-
metric measurements and the performance results.

The results of this analysis show that for the
maximum lift coefficient and stall angle predicted by
WIND, the two geometric factors which showed a sta-
tistically significant correlation were the upper horn
angle and the leading edge ice thickness. The fre-

ak max max
1
n
--- δ j( ) 2πi

jk
n
-----– 

 exp
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f k
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quency-weighted Fourier parameter was also found
to be somewhat significant, although much less so
than the geometric factors. The correlations for the
primary variables are shown in Figures 44-47 along
with the regression curve fits. The correlation for lift
coefficient versus horn angle and leading edge ice
thickness was stronger than similar curves using the
stall angle since the stall angle was resolved only to
the nearest degree. The multiple regression equa-
tions determined by the forward stepwise regression
are shown below.

(4)

with an R2 = 0.822

(5)

with an R2 = 0.797. When the frequency-
weighted Fourier parameter was added to the lift cor-
relation, the equation became

(6)

Equations 2 and 3 were then used to calculate
an expected Cl, max and αstall. These calculated val-
ues are plotted against the values predicted by WIND
in Figures 48 and 49. All of these curves have posi-
tive correlations. For upper horn angle, this means
that a higher horn angle produced larger lift degrada-
tion and a lower stall angle than a lower horn angle.
This is illustrated in Figure 50. A higher horn angle in
this sense means that the tip of the horn is relatively
higher (largest y-value). Based upon the definition of
horn angle, which corresponds to the definition used

in the LEWICE validation report9, a horn angle with a
higher peak value actually results in a smaller
reported horn angle. For the leading edge ice thick-
ness, it means that a smaller thickness yielded a
larger lift degradation and a smaller stall angle as
shown in Figure 51. Since the majority of ice shapes
studied in this example were large glaze ice shapes,
this can be interpreted as meaning that a lower freez-
ing fraction at the leading edge produced a more
well-defined ice horn and hence reduced the maxi-
mum lift coefficient. This was interpreted to mean
that glaze ice shapes will exhibit more performance

degradation than a rime or mixed shape which had
the same upper surface angle. 

Based upon this observation, it might be
expected that the upper and lower horn thicknesses
should also show a correlation. This was not found to
be the case however. The correlation for upper horn
thickness was especially poor, as shown in Figure
52. This can be attributed to the fact that the runback
water from the leading edge was distributed on the
both the upper and lower surfaces and contributes to
horn width as well as thickness. Other geometric fac-
tors which measured the ‘glazeness’ of the ice shape
could be derived to investigate this conclusion. The
Fourier parameter, E2, becomes larger with increas-
ing size or complexity of the ice shape. A negative
coefficient in Equation 3 means that as the ice shape
becomes larger or more complex, the maximum lift
decreases. In this way, the overall shape factor
shows the effect of increasing ice size which could
not be seen from the horn thickness measurements.

For the drag and pitching moment results, the
correlations were performed at each angle of attack.
For example, a correlation was made between the
drag coefficient at 0° angle of attack for each ice
shape and the various ice shape parameters. Initially,
this analysis was performed using only the geometric
parameters as the Fourier terms require a special-
ized program to analyze the shapes. A measurement
method which could be used in an icing tunnel or in
flight would have to be based on the geometric
parameters which would not require digitalization
except to enhance the accuracy of the calculation. 

The regression analysis procedure described
earlier was performed to determine the most signifi-
cant features. The results of this analysis show that
the upper horn angle and the upper horn thickness
were the most significant geometric factors for the
drag coefficient. For each angle of attack in the range
0° to 6° both parameters were considered statistically
significant within the 95% confidence interval. For
angles of attack of 7° and 8°, only the upper horn
angle was within this interval. Above this angle, no
correlation was found since the flow around many of
the ice shapes had stalled. This result may be due to
limitations of the WIND code and the turbulence
model in predicting stall behavior. An example of the
regression curve fits is shown in Figure 53. This plot
shows a fairly low regression coefficient but it still
indicates that ice shapes with higher horn angles
(lower θu values) will generally exhibit a higher drag.
There was an additional trend in this analysis which

Cl max, 0.077– 0.84
θu

180
--------- 

  0.181tle+ +=

αstall 2.925 5.44
θu

180
--------- 

  1.525tle+ +=

Cl max, 0.102– 0.693
θu

180
--------- 

  0.186tle 0.509E2–+ +=
6
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G
th
owed that at 0° angle of attack, the upper horn
ickness correlates better, while the horn angle cor-
lates better at higher angles. This is shown in Table
 This table also shows some extremely low regres-
n coefficients for upper horn thickness which calls

to question the result. However, for secondary fac-
rs, the stepwise regression method looks at the
fect of the second factor after the effect of the pri-
ary factor has been removed. Once this was done,
en the correlations were much higher. The regres-
n equations for drag using the geometric factors

e given below.

(7)

R2 = 0.574 

(8)

R2 = 0.474 

(9)

R2 = 0.509 

(10)

R2 = 0.529 

(11)

R2 = 0.54 

(12)

R2 = 0.459

(13)

R2 = 0.468
The correlation of drag with the upper horn angle

d upper horn thickness was first reported by

ray14 in 1958. However, in both that report and in
is study, there was significant scatter in the data.

This indicates that other factors are important which
were not covered by the geometric measurements.
The Fourier transform coefficients were then added
to the analysis to determine their importance. This
analysis shows that the frequency-weighted average
of the Fourier coefficients was the most significant
factor for drag at lower angles of attack and equally
significant to the upper horn angle at higher angles,
as shown in Table 3. The stepwise regression was
then repeated including this factor. The results of that
analysis showed that the upper horn thickness was
no longer a significant factor except at α=0° as
shown in the equations below. This occurs because
horn thickness was shown by Ruff to be a portion of
the Fourier coefficients, therefore the small correla-
tion due to that measurement was included and
enhanced by using the Fourier coefficients. The mod-
ified regression equations for drag are given below. 

(14)

R2 = 0.664 

(15)

R2 = 0.530 

(16)

R2 = 0.590 

(17)

R2 = 0.625 

(18)

R2 = 0.635 

(19)

R2 = 0.639

Cd α, 0= 0.053 0.052
θu

180
--------- 

 – 0.012tu+=

Cd α, 2= 0.067 0.063
θu

180
--------- 

 – 0.009tu+=

Cd α, 4= 0.1 0.094
θu

180
--------- 

 – 0.011tu+=

Cd α, 5= 0.128 0.118
θu

180
--------- 

 – 0.012tu+=

Cd α, 6= 0.156 0.143
θu

180
--------- 

 – 0.014tu+=

Cd α, 7= 0.181 0.138
θu

180
--------- 

 –=

Cd α, 8= 0.222 0.169
θu

180
--------- 

 –=

Cd α, 0= 0.039 0.038
θu

180
--------- 

 – 0.034E2 0.01tu+ +=

Cd α, 2= 0.038 0.025
θu

180
--------- 

 – 0.062E2+=

Cd α, 4= 0.063 0.046
θu

180
--------- 

 – 0.082E2+=

Cd α, 5= 0.084 0.063
θu

180
--------- 

 – 0.098E2+=

Cd α, 6= 0.106 0.081
θu

180
--------- 

 – 0.113E2+=

Cd α, 7= 0.139 0.105
θu

180
--------- 

 – 0.126E2+=
7
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(20)

R2 = 0.642 

Note that although the correlation coefficients
have increased, they remain much lower than the
coefficients obtained during the lift analysis. This indi-
cates that there are still other factors which remain to
be determined. This can be illustrated in Figure 54,
which shows the drag coefficient predicted by the
correlation relative to the drag coefficient predicted
by WIND. 

The correlations were positive correlations so
from the equations, a higher upper horn angle
(smaller θu) produced a higher drag coefficient as
well as a lower lift coefficient as shown earlier. For
the upper horn thickness, a larger value increased
the drag coefficient. These trends are illustrated in
Figure 55. The Fourier term increases with increas-
ing ice size and complexity, so the regression equa-
tion shows that larger ice shapes in general produce
more drag and that more complex (rougher) ice
shapes will have higher drag coefficients than
smoother ice shapes.

A similar regression analysis was then applied to
the pitching moment coefficients. Once again, the
analysis was generated at each angle of attack to
determine the most important features. The results of
this analysis showed that at 0° angle of attack, the
most significant geometric terms were the upper
horn angle and the lower horn thickness while at
angles of attack from 4° to 7°, the significant terms
were the upper horn angle and the upper horn thick-
ness. At an angle of attack of 2°, only the upper horn
angle correlated. Above 7°, no correlations were
found due to the onset of stall for many ice shapes as
described earlier. Even at 7°, the correlation coeffi-
cient was 0.319, which was marginal. Once again,
the most influential measurement was the upper horn
angle as illustrated by the regression plot in Figure
56. The results in this figure show significant scatter
at the higher horn angles (lower θu values) but there
was a general trend where less degradation from the
clean results was seen when the upper horn angle
was below the horizontal (θu > 180°).

Regression equations for pitching moment can
be generated for these factors as was done for lift
and drag. The results of that effort are shown below.
An interesting trend was seen in the effect of horn

thickness. At 0° angle of attack, the pitching moment
was increased as the lower horn thickness
increased. Similarly, the effect of increasing upper
horn thickness was to decrease pitching moment at
the higher angles of attack. Since a positive moment
in this case was a pitch down moment, this was
understandable as the increase in length caused an
increase in flow around the horn. The same trend
was evidenced in the upper horn angle. As  θu
increases, this caused the airfoil to pitch down more.
These trends can be seen in Figure 57. 

(21)

R2 = 0.735 

(22)

R2 = 0.611 

(23)

R2 = 0.733 

(24)

R2 = 0.742 

(25)

R2 = 0.684 

(26)

R2 = 0.319

The correlation equations above can be used to
predict the pitching moment as was seen for the lift
and drag results. This can be seen in Figure 58 which
shows the predicted pitching moment at an angle of
attack of 6°. As was the case for the drag results,
there was significant scatter in this plot which again
indicates that additional factors are important which
are not captured by the current geometric measures.
This can also be seen in Table 4, which shows the

Cd α, 8= 0.167 0.124
θu

180
--------- 

 – 0.139E2+=

Cm α, 0= 0.031– 0.054
θu

180
--------- 

  0.009tl+ +=

Cm α, 2= 0.053– 0.076
θu

180
--------- 

 +=

Cm α, 4= 0.073– 0.105
θu

180
--------- 

  0.012tu–+=

Cm α, 5= 0.066– 0.093
θu

180
--------- 

  0.012tu–+=

Cm α, 6= 0.057– 0.079
θu

180
--------- 

  0.011tu–+=

Cm α, 7= 0.018– 0.03
θu

180
--------- 

  0.006tu–+=
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dividual regression coefficients for each factor. As
as the case with the drag results, the horn thick-
esses are clearly secondary factors to the upper
orn angle.

 VII. 3 Implications for LEWICE 
omparisons

Once the geometric measurements important to
erodynamic performance have been identified,

hose measurements can be used in the evaluation
riteria which compares LEWICE results to experi-
ental ice shapes. A revised overall comparison fac-

or has been derived based upon the aerodynamic
esults which emphasizes the relative importance of
ach factor. In every case, it was shown that the
pper horn angle was a significant term. Other fac-

ors such as the leading edge minimum thickness (for

l,max and αstall) and the frequency-weighted aver-
ge of the Fourier coefficients (for drag) were very
ignificant as well. The upper and lower horn thick-
esses can be added as secondary factors. The
omparison factor which has been derived uses the
egression coefficients for each of the parameters as
he weighting factors. The numbers were then nor-
alized to produce a percentage difference. The
quation below shows the result of this process.

(27)

where R2
measurement was the average regression

t for the individual measurement and R2
effect was

he average regression fit of the effect. In this way,
he measurements which correlate the best will have
igher weights.

For example, the R2
measurement for the leading

dge minimum thickness was the average of the R2

btained by the regressions for Cl,max and αstall, or

.7125 and the R2
measurement for the upper horn

ngle for the same two regressions was 0.7085. The

verage R2
measurement for the Fourier term E2 was

.1225 since the R2 with respect to lift was 0.245 and
 did not correlate with αstall. The sum of these terms
as 1.5435. The average correlation for the lift
ffects (Cl,max and αstall) was 0.8095. Doing these
alculations for the drag and pitching moment terms

shows that the sum of the R2
effect terms was 2.0677

which becomes the normalization factor in Equation
24. The overall contribution of the leading edge mini-
mum thickness was then

(28)

Table 5 shows the weighting factors and relative
weights for each measurement. This table shows that
the highest weighting factor was found for the upper
horn angle. This was expected as it was found to be
a significant term for every aerodynamic effect inves-
tigated. The table also shows the small effect of
either horn thickness as the correlation coefficients
were low. These weighting factors were then applied
to the comparison of the ten LEWICE ice shapes to
each of the ten experimental ice shapes using the
equation below.

(29)

In this equation, OCF is a revised Overall Com-
parison Factor, wf,i are the weighting factors from
Table 5 and me and mL are the measured values for
each parameter for the experimental ice shape and
the LEWICE ice shape respectively. The reference
measurement mref was the factor used to nondimen-
sionalize the measurements as defined in the previ-

ous report9. The frequency-weighted average of the
Fourier coefficients was a dimensionless term, there-
fore mref = 1. For the horn angle, the values were
converted to radians to make them dimensionless.
Table 6 shows the comparison factors for each case
along with the change in lift, stall angle, drag and
pitching moment between the experiment and the
LEWICE prediction. In this table, the absolute differ-
ences were shown. For drag and pitching moment,
the value listed was the average of the absolute dif-
ferences at each angle of attack. Although the agree-
ment was not perfect, there was evidence of the
general trends presented earlier. In particular, ice
shapes which were found to be close geometrically
were also close in performance. However, a large dif-
ference in ice shape did not always result in larger
differences in aerodynamic performance.

wf

Rmeasurement
2

Rmeasurement
2∑

--------------------------------------
 
 
  Reffect

2

Reffect
2∑

-----------------------
 
 
 

=

wf
0.7125
1.5435
---------------- 

  0.8095
2.0677
---------------- 

  0.181= =

OCF wf i

me mL–

mref
---------------------- 

 
ii

∑=
9
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 VIII. Conclusions
Aerodynamic predictions were made using the

WIND code on ten experimental ice shapes and on
the corresponding ten LEWICE ice shapes at angles
of attack from 0° up to stall. Performance measure-
ments of lift coefficient, drag coefficient and pitching
moment were presented. A regression analysis was
performed to express the performance variables as
linear combinations of geometric measurements of
the ice shapes, including parameters calculated
using Fourier Transform methods. A statistical analy-
sis was performed to determine the most important
geometric measurements for maximum lift coeffi-
cient, stall angle, drag coefficient and pitching
moment. 

The measurements which had the highest corre-
lation for maximum lift coefficient and stall angle were
the upper horn angle and the leading edge minimum
thickness, the latter being a measure of the glaze-
ness of the ice. The frequency-weighted average of
the Fourier coefficients (E2) was found to be a sec-
ondary factor for the maximum lift coefficient. The
most important measurements for drag coefficient
were the frequency-weighted average of the Fourier
coefficients and the upper horn angle. When only the
geometric parameters are used, the upper horn
thickness became a secondary factor. For pitching
moment, the primary measurement was the upper
horn angle with a very slight secondary effect due to
the upper and lower horn thicknesses. 

Correlation equations were generated based
upon a multiple variable regression analysis. These
equations were then used to determine weighting
factors for a revised comparison factor which could
be used to compare two separate ice shapes. This
comparison factor compares favorably with both a
qualitative assessment of the geometric differences
and with the aerodynamic performance results.
Future work in this area includes validation of the
trends and of the WIND code using experimental
data and the extension of this analysis to other types
of airfoils and an investigation of Reynolds Number
effects.
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FIGURE 1.  GLC305 Airfoil 

FIGURE 2.  Run 937 Comparison

FIGURE 3.  Run 204 Comparison
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FIGURE 4.  Run 202 Comparison

FIGURE 5.  Run 912 Comparison

FIGURE 6.  Run 907 Comparison

FIGURE 7.  Run 212 Comparison

FIGURE 8.  Run 916 Comparison

FIGURE 9.  Run 913 Comparison
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FIGURE 10. Run 941 Comparison

FIGURE 11. Run 943 Comparison

Run # Mach # P s Ts Re*106

psi R
202 0.28 16 535 6.23
204 0.28 16 535 6.23
907 0.28 16 535 6.23
912 0.28 16 535 6.23
916 0.28 16 535 6.23
941 0.28 16 535 6.23
943 0.28 16 535 6.23
212 0.28 13.5 464 6.32
913 0.28 12.6 474 5.79
937 0.28 12.6 474 5.79

TABLE 1.  Input Flow Conditions for WIND Cases

FIGURE 12. Run 937 Lift Comparison

FIGURE 13. Run 204 Lift Comparison

FIGURE 14. Run 202 Lift Comparison
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FIGURE 15. Run 912 Lift Comparison

FIGURE 16. Run907 Lift Comparison

FIGURE 17. Run 913 Lift Comparison

FIGURE 18. Run 212 Lift Comparison

FIGURE 19. Run 916 Lift Comparison

FIGURE 20. Run 941 Lift Comparison
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FIGURE 21. Run 943 Lift Comparison

FIGURE 22. Run 937 Drag Comparison

FIGURE 23. Run 204 Drag Comparison

FIGURE 24. Run 202 Drag Comparison

FIGURE 25. Run 912 Drag Comparison

FIGURE 26. Run 907 Drag Comparison
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FIGURE 27. Run 212 Drag Comparison

FIGURE 28. Run 916 Drag Comparison

FIGURE 29. Run 913 Drag Comparison

FIGURE 30. Run 941 Drag Comparison

FIGURE 31. Run 943 Drag Comparison

FIGURE 32. Run 937 Pitching Moment Comparison
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FIGURE 33. Run 204 Pitching Moment Comparison

FIGURE 34. Run 202 Pitching Moment Comparison

FIGURE 35. Run 912 Pitching Moment Comparison

FIGURE 36. Run 907 Pitching Moment Comparison

FIGURE 37. Run 913 Pitching Moment Comparison

FIGURE 38. Run 212 Pitching Moment Comparison
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FIGURE 39. Run 916 Pitching Moment Comparison

FIGURE 40. Run 941 Pitching Moment Comparison

FIGURE 41. Run 943 Pitching Moment Comparison

FIGURE 42. Ice Shape Geometric Measurements

FIGURE 43. Additional Geometric Measurements

FIGURE 44. Maximum Lift Coefficient vs. Upper Horn 
Angle
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FIGURE 45. Maximum Lift Coefficient vs. Leading Edge 
Thickness

FIGURE 46. Stall Angle vs. Upper Horn Angle

FIGURE 47. Stall Angle vs. Leading Edge Thickness

FIGURE 48. Calculated Lift Coefficients from Regression 
Equation (3)

FIGURE 49. Calculated Stall Angle from Regression 
Equation (2)

FIGURE 50. Effect of Horn Angle Change on Max. Lift 
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FIGURE 51. Effect of L.E. Thickness on Max. Lift

FIGURE 52. Lift Coefficient vs. Upper Horn Thickness

FIGURE 53. Drag Coefficient vs. Upper Horn Angle

α R2 for Upper R 2 for Upper
Horn Thickness Horn Angle

0 0.195 0.099
2 0.023 0.256
4 0.0026 0.351
5 2*10-7 0.398
6 0.0009 0.459
7 0.0074 0.459
8 0.032 0.468

TABLE 2.  R2 values for Drag Regression Equations

α R2 for Second Fourier Term
0 0.375
2 0.450
4 0.448
5 0.450
6 0.438
7 0.409
8 0.428

TABLE 3.  R2 values for Drag Regression Equations using 
Frequency-weighted average of Fourier 
Coefficients

FIGURE 54. Calculated Drag from Regression Equation
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FIGURE 55. Effect of Horn Angle and Thickness on Drag

FIGURE 56. Pitching Moment vs. Upper Horn Angle

FIGURE 57. Effect of Horn Angle and Thicknesses on 
Pitching Moment

FIGURE 58. Calculated Pitching Moment from 
Regression Equation

α R2 for Upper R 2 for Upper R 2 for Lower
Horn Thickness Horn Angle Horn Thickness

0 -------- 0.645 0.564
2 -------- 0.611 --------
4 0.004 0.503 --------
5 0.015 0.461 --------
6 0.035 0.366 --------
7 0.045 0.066 --------

TABLE 4.  R2 values for Pitching Moment Regression 
Equations
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Measurement R 2
measurement R2

effect wf

Lift Terms
L.E. Min. 0.7125 0.8095 0.1807
Thickness
Upper Horn 0.7085 0.8095 0.1797
Angle 
Average Fourier 0.1225 0.8095 0.0311
Coefficient

Drag Terms
Upper Horn 0.0373 0.6209 0.0136
Thickness
Upper Horn 0.3557 0.6209 0.1301
Angle
Average Fourier 0.4283 0.6209 0.1566
Coefficient

Pitching Moment Terms
Lower Horn 0.094 0.6373 0.0524
Thickness
Upper Horn 0.0165 0.6373 0.0092
Thickness
Upper Horn 0.442 0.6373 0.2466
Angle

Overall Factors

Upper Horn Angle 0.5564
Average Fourier Coefficient 0.1877
L.E. Min. Thickness 0.1807
Lower Horn Thickness 0.0524
Upper Horn Thickness 0.0228

TABLE 5.  Weighting Factors for Geometric Terms

Run# OCF   ∆ Cl, max ∆ Stall ∆Cd ∆Cm
Angle (Avg.) (Avg.)

202 0.108 0.03 0 0.0102 0.0143
204 0.079 0.035 1 0.0105 0.0027
212 0.196 0.348 2 0.0198 0.0170
907 0.122 0.042 0 0.0147 0.0032
912 0.119 0.224 3 0.0073 0.0071
913 0.117 0.397 3 0.0144 0.0036
916 0.172 0.163 1 0.0098 0.0128
937 0.046 0.004 1 0.0049 0.0042
941 0.248 0.068 1 0.0036 0.0103
943 0.381 0.091 0 0.0169 0.0081

TABLE 6.  Differences in Aerodynamic Parameters and 
the Overall Comparison Factor
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